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ABSTRACT
Colonic epithelial cells move up along the crypt villus axis and are differentiated into absorptive or 
secretory cells. Claudin-7 (CLDN7), a tight junctional protein, is mainly located at the surface of 
crypt, whereas CLDN2 is located at the bottom. However, the expression mechanism and function 
of these CLDNs are not fully understood. The expression levels of CLDN2 and CLDN7 were altered 
depending on the culture days in MCE301 cells derived from mouse colon. The nuclear levels of 
transcriptional factors p53 and hepatocyte nuclear factor 4α (HNF4α) at day 21 were higher than 
those at day 7. Tenovin-1 (TEN), a p53 activator, increased the nuclear levels of p53 and HNF4α. The 
mRNA level and promoter activity of CLDN7 were increased by TEN, whereas those of CLDN2 were 
decreased. The changes of CLDNs expression were inhibited by p53 and HNF4α siRNAs. The 
association between p53 and HNF4α was elevated by TEN. In addition, the binding of p53 and 
HNF4α to the promoter region of CLDN2 and CLDN7 was enhanced by TEN. Transepithelial 
electrical resistance was decreased by TEN, but paracellular fluxes of lucifer yellow and dextran 
were not. In the Ussing chamber assay, TEN increased dilution potential and the ratio of perme-
ability of Cl− to Na+. Both p53 and HNF4α were highly expressed at the surface of mouse colon 
crypt. We suggest that p53 and HNF4α alter the paracellular permeability of Cl− to Na+ mediated by 
the inverse regulation of CLDN2 and CLDN7 expression in the colon.
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Introduction
The major function of the colon is the construc-
tion of favorable environment for the growth of 
colonic microorganisms, storage reservoir of 
fecal matter, and absorption and secretion of 
mineral ions from the lumen. The wall of the 
colon is composed of four layers of the serosa, 
muscularis propria, submucosa, and mucosa.1 

The mucosa of large intestine has many crypts 
of Lieberkühn; however unlike the small intes-
tine, there are no villi. Stem cells are found near 
the bottom of the crypts and differentiated to 
epithelial cells during moving up toward the 
luminal surface.2 The bottom of crypt consisting 
of undifferentiated cells functions as secretory 
mode of NaCl, whereas the middle and surface 
cells play a role in absorptive mode in the distal 
colon.3

Mineral ions such as sodium, potassium, and 
chloride are transported through the differentiated 
epithelial cells of the crypts. The absorption/secre-
tion rates vary according to their concentration in 
the lumen and electrochemical gradient.4 In addi-
tion to the transcellular pathway through specific 
transporters and channels expressed in the apical 
and basolateral membrane, mineral ions can pass 
through the paracellular route in the epithelial 
monolayer.5

Tight junctions (TJs) are cell-cell adhesion com-
plexes and located at the most upper region of the 
lateral membrane of epithelial cells. The TJs compose 
a large complex including the membrane integral 
proteins such as claudins (CLDNs), occludin, and 
junctional adhesion molecules, and the scaffolding 
proteins such as zonula occludens (ZO)-1, ZO-2, 
and ZO-3.6 So far, over twenty CLDN subtypes have 
been identified and their expression pattern is specific 
for each tissue. CLDN1, 2, 3, 4, 7, 8, 9, 12, 14, 15, 17, 
20, and 23 are endogenously expressed in the colon.7 

Paracellular permeability to ions are different in each 
CLDNs. CLDN1 and 3 do not form ion-permeable 
pore.8 CLDN2 and 15 make cation permeable 
pore,9,10 whereas CLDN4 and 7 make anion perme-
able pore.11 We recently reported that CLDN2 and 
CLDN7 are localized at the bottom and surface of 
crypt in mice, respectively.12,13 Knockdown experi-
ments show that CLDN2 and CLDN7 form cation 

pore and Cl− pore in MCE301 cells derived from 
mouse colon, respectively. Therefore, both CLDN2 
and CLDN7 may be involved in the regulation of 
mineral ions homeostasis. So far, hepatocyte nuclear 
factor 4α (HNF4α) has been reported to be involved 
in the regulation of CLDN7 expression during intest-
inal epithelial differentiation.14 However, the regula-
tory mechanism of inverse expression of CLDN2 and 
CLDN7 in the crypts has not been clarified well.

The transcription factor p53 is known as 
a negative regulator of the cell cycle and a tumor 
suppressor. p53 has very short half-life in normal 
cells and the function is tightly controlled by its 
protein stability. The degradation of p53 is regu-
lated by the ubiquitin-proteasome system.15 

Murine double minute 2, an E3 ubiquitin ligase, 
binds to the transcriptional activation domain of 
p53 and blocks its transactivation activity in the 
proliferative and cancer cells. Once activated, p53 
selectively turns on the transcriptional activity of its 
target genes that function in cell cycle arrest, DNA 
damage repair, or apoptosis. Microarray analysis 
shows that TP53, a gene which codes for p53, is 
highly expressed in the basal crypt,16 but the invol-
vement of p53 in the regulation of CLDNs expres-
sion has not been investigated.

In the present study, we found that the mRNA 
level of CLDN2 reaches at the peak on day 7 and 
gradually declines, whereas that of CLDN7 is ele-
vated depending on the culture days in MCE301 
cells derived from mouse colon. The nuclear levels 
of p53 and HNF4α were increased depending on 
the culture days. Therefore, we investigated 
whether both p53 and HNF4α are involved in the 
regulation of CLDN2 and CLDN7 expression. The 
mRNA level, protein level, transcriptional activity, 
and cellular localization were examined by real time 
polymerase chain reaction (PCR), Western blot-
ting, promoter assay, and immunofluorescence 
measurement, respectively. In addition, the func-
tion of CLDN2 and CLDN7 was estimated by trans-
epithelial electrical resistance (TER), paracellular 
permeability to lucifer yellow (LY), and dilution 
potential assay. Our data indicate that the expres-
sion of CLDN2 and CLDN7 may be inversely regu-
lated by the complex of p53 and HNF4α in the 
colon.
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Materials and methods

Materials

Anti-CLDN2 and anti-CLDN7 antibodies were 
obtained from Thermo Fisher Scientific (Waltham, 
MA, USA). Anti-HNF4α and anti-p53 antibodies 
were from Cell Signaling Technology (Beverly, 
MA, USA). Anti-nucleoporin p62 and anti-β-actin 
antibodies were from Becton Dickinson Biosciences 
(San Jose, CA, USA) and Santa Cruz Biotechnology 
(Santa Cruz, CA, USA), respectively. Tenovin-1 
(TEN) was from Cayman Chemical (Ann Arbor, 
MI, USA). FITC-labeled dextran MW 4,000 (FD4) 
and MW 20,000 (FD20) were Sigma-Aldrich 
(St. Louis, MO, USA). All other reagents were of 
the highest grade of purity available.

Cell culture

Mouse colonic MCE301 cell line was established by 
Tabuchi et al.17 Cells were grown in Dulbecco’s 
Modified Eagle’s Medium (FUJIFILM Wako Pure 
Chemical, Osaka, Japan) supplemented with fetal 
calf serum, 0.07 mg/ml penicillin-G potassium, and 
0.14 mg/ml streptomycin sulfate in a 5% CO2 atmo-
sphere at 37°C. The cultured cells were imaged 
using differential interference contrast (DIC) by 
an inverted EVOS M5000 microscope (Thermo 
Fisher Scientific). The confluency was measured 
using software attached to the device and repre-
sented as percentage of covered area.

Animals and tissue preparation

Male C57BL/6JJcl mice (8 weeks) were obtained 
from CLEA Japan SLC (Tokyo, Japan). All animal 
experiments were approved by the Animal Care and 
Use Committee of the University of Shizuoka 
(No.195236), and conducted in accordance with the 
Guidelines and Regulations for the Care and Use of 
Experimental Animals by the University of Shizuoka. 
The mucosal-submucosal preparation, consisting of 
the mucosa, muscularis mucosa, and submucosal 
layers was obtained as described previously.12

RNA isolation and quantitative RT-PCR

The colon crypt of mice was divided into three 
segments and named as surface, middle, and 

bottom. Total RNA was isolated from the colon 
crypt or MCE301 cells using ISOGEN II (NIPPON 
GENE, Toyama, Japan). Reverse transcription and 
real time PCR were carried out as described 
previously.12 The primer pairs are listed in Table 1.

Immunofluorescence

The segments of mouse distal colon and MCE301 
cells were prepared and immunostained as described 
previously.12 The samples were incubated with anti- 
CLDN2, anti-CLDN7, anti-p53, or anti-HNF4α anti-
body (1:100) for 16 h at 4°C. They were then incu-
bated with Alexa Fluor 488- or 549-conjugated 
antibodies (1:100) including 4ʹ,6-diamidino-2-pheny-
lindole (DAPI) for 1.5 h at the room temperature. 
Immunolabelled cells were visualized on LSM 700 
confocal microscope (Carl Zeiss, Oberkochen, 
Germany). The degree of cellular localization was 
calculated using ImageJ software (http://rsbweb.nih. 
gov/ij/index.html).

SDS-polyacrylamide gel electrophoresis (SDS-PAGE) 
and immunoblotting

The cytoplasmic extracts including plasma mem-
brane and cytosolic proteins were prepared from 
MCE301 cells. Nuclear extracts were prepared 
using NE-PER nuclear and cytoplasmic extraction 
reagents (Thermo Fisher Scientific) according to 

Table 1. Primer pairs for real time PCR.
Name Direction Sequence

CLDN1 Forward 5�-GTCTTCGATTCCTTGCTGAA-3’
Reverse 5�-CCTGGCCAAATTCATACCTG-3’

CLDN2 Forward 5�-TGCGACACACAGCACAGGCATCAC-3’
Reverse 5�-TCAGGAACCAGCGGCGAGTAGAA-3’

CLDN3 Forward 5�-CATCCTGCTGGCCGCCTTCG-3’
Reverse 5�-CCTGATGATGGTGTTGGCCGAC-3’

CLDN4 Forward 5�-TCGTGGGTGCTCTGGGGATGCTT-3’
Reverse 5�-GCGGATGACGTTGTGAGCGGTC-3’

CLDN7 Forward 5�-GGCCACTCGAGCCTTAATGGTG-3’
Reverse 5�-CCTGCCCAGCCGATAAAGATGG-3’

CLDN8 Forward 5�-CATGCCAACATCAGAATGCAGT-3’
Reverse 5�-CTGTGGTCCAGCCTATGTAGAG-3’

CLDN12 Forward 5�-CTTCCTGTGTGGTATTGCCTCT-3’
Reverse 5�-AGTCACTGCTTCCATCATACCG-3’

CLDN15 Forward 5�-GCCTGTGGGATGGTGGCTATCTCGT-3’
Reverse 5�-TGGTGGCTGGTTCCTCCTTG-3’

CLDN23 Forward 5�-GACTCATGATCACGTCACTGG-3’
Reverse 5�-AAGTGGTTATACCAGGAGACCG-3’

Villin-1 Forward 5�-GATATGGAGGATCGAGGCTATG-3’
Reverse 5�-ATCTGTGTGGTGTAGATGGCAG-3’

Lgr5 Forward 5�-ACCACATAGCAGACTACGCCTT-3’
Reverse 5�-GAGAGTGTCTTGATTGCAGTGG-3’

β-Actin Forward 5�-CCAACCGTGAAAAGATGACC-3’
Reverse 5�-CCAGAGGCATACAGGGACAG-3’
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the manufacturer’s instructions. In immunopreci-
pitation assay, protein G-sepharose beads were 
incubated with the cytoplasmic extracts and anti- 
p53 or anti-HNF4α antibody. Samples were applied 
to SDS-PAGE and blotted onto a polyvinylidene 
fluoride membrane. Western blotting was per-
formed as described previously.12 The band inten-
sity of each protein was quantified by ImageJ. The 
expression of proteins in cytoplasmic and nuclear 
extracts were normalized by β-actin and nucleo-
porin p62, respectively.

Luciferase reporter assay

The reporter vectors of the CLDN2 and CLDN7 
gene were made as described previously18 and 
gifted from Dr. Ikenouchi (Kyushu University, 
Japan), respectively. A Renilla construct, pRL-TK 
vector (Promega), was used for normalizing trans-
fection efficiency. Cells were transfected with plas-
mid DNA using HilyMax (Dojindo laboratories, 
Kumamoto, Japan). Luciferase reporter activity 
was measured as described previously12 and repre-
sented relative to control.

Chromatin immunoprecipitation-quantitative PCR 
(ChIP-qPCR) assay

ChIP-qPCR assay was carried out as described 
previously.18 To co-immunoprecipitate the DNA, 
anti-p53 and anti-HNF4α antibodies were used. 
The eluted DNA was amplified by quantitative 
real time PCR. The primer pairs are listed in 
Table 2. Values were normalized by input DNA 
and represented relative to control.

Paracellular permeability

Cells were cultured on transwells with polyester 
membrane inserts (Corning Incorporated-Life 
Sciences, Acton, MA). Paracellular permeability 
was estimated by TER and the paracellular diffu-
sion of LY (MW 457), FD4, and FD20. An apparent 

permeability coefficient (Papp) was calculated as 
the following equation.

Papp (cm/s) = (dC/dt) x V/C0/A
Whereby dC/dt is the change of basal concentra-

tion for 30 min (μg/ml/s); V is the volume of the 
chamber, C0 is the initial concentration of LY, FD4, 
and FD20 in the apical solution, and A is the area of 
the chambers (cm2).

Dilution potential and PCl/PNa was measured 
by Ussing chamber assay as described 
previously.13 In brief, both apical and basal cham-
bers were filled with Hank’s Balanced Salt 
Solution (HBSS). Amiloride (100 μM), niflumic 
acid (100 μM), and 4,4ʹ-diisothiocyanatostilbene 
-2,2ʹ-disulfonic acid (100 μM) were added to the 
solution to block the effects of transcellular ion 
transport of Na+ and Cl− channels. To measure 
dilution potential, the basal HBSS was replaced 
with HBSS containing half NaCl concentration in 
which osmolarity was balanced with mannitol. 
PCl/PNa was calculated as described elsewhere.19

Statistical analysis

Results are presented as means ± S.E.M. 
Differences between groups were analyzed with 
a one-way analysis of variance, and corrections 
for multiple comparison were made using Tukey’s 
and Dunnett’s multiple comparison tests. 
Comparisons between two groups were made 
using Student’s t test. Significant differences 
were assumed at p < .05.

Results

Effects of culture periods on CLDNs and 
transcriptional factors expression

MCE301 cells were cultured for 1, 7, 14, 21, and 
28 days. The cell confluency was calculated using 
DIC images (Figure 1a). Cells reached at confluent 
state at day 7 after plating. The mRNA levels of 
CLDN2 and CLDN7 were examined by real-time 
PCR measurement. The mRNA level of villin-1, 
a marker of differentiated cells, was increased, 
whereas that of Lgr5, a maker of undifferentiated 
cells, was decreased depending on the culture per-
iods (Figure 1b). The mRNA level of CLDN2 was 
peaked at day 7 and decreased depending on the 

Table 2. Primer pairs for ChIP-qPCR assay.
CLDN2 promoter Forward 5�-GGGTTAGCACACCACAACTC-3’

Reverse 5�-GAAACCAGAAAACGCTGGATG-3’
CLDN7 promoter Forward 5�-AGCTAGACTTTCTAAGGGATGA-3’

Reverse 5�-TCACTTCCTTCTCCATCCAC-3’
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culture periods. In contrast, that of CLDN7 was 
gradually increased. Immunofluorescence analysis 
showed that the signal of CLDN2 co-localized with 
ZO-1 was decreased at day 21, whereas that of 
CLDN7 was increased (Figure 2a). The florescence 
signals of nuclear p53 and HNF4α were slightly 
detected in the nuclei at day 7, and they were sig-
nificantly increased at day 21 (Figure 2b). These 
results indicate that the expression of CLDN2 and 
CLDN7 may be regulated by p53 and HNF4α.

Effect of TEN on CLDN2, CLDN7, p53, and HNF4α 
expression
Western blotting and immunofluorescence ana-
lyses showed that TEN, a small-molecule activator 
of p53, increased the nuclear levels of p53 and 
HNF4α (Figure 3a,b). The protein level of CLDN2 
was decreased by TEN, whereas that of CLDN7 was 
increased (Figure 3c). These results support the 
idea that the expression of CLDN2 and CLDN7 is 
regulated by p53 and HNF4α.

Figure 1. Effects of culture periods on CLDNs expression. (a) MCE301 cells were cultured for 1, 7, 14, 21, 28 days. DIC images were 
obtained using an EVOS M5000. The confluency was shown as percentage of covered area. Scale bar represents 500 μm. n = 8. (b) Real 
time PCR was performed using primer pairs of mouse villin-1, Lgr5, CLDN2, CLDN7, and β-actin. The mRNA contents were represented 
relative to the values in day 1. n = 4.
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Involvements of p53 and HNF4α in the regulation of 
CLDN2 and CLDN7 expression
The mRNA level of CLDN2 was decreased by 
TEN, whereas that of CLDN7 was increased 
(Figure 4a). Similar changes in promoter activ-
ities of CLDN2 and CLDN7 were observed by 
TEN (Figure 4b). These results coincide with 
the data of Western blotting. The mRNA level 
of CLDN2 was not decreased by the overexpres-
sion of CLDN7 (Figure 4c). In addition, the 
mRNA level of CLDN7 was not increased by 
the knockdown of CLDN2 (Figure 4d). These 
results indicate that CLDN2 and CLDN7 are  

not involved in the regulation of expression 
each other. Next, we examined the effect of 
small interference RNA (siRNA) for p53 or 
HNF4α on the expression of CLDN2 and 
CLDN7. The TEN-induced increase in the 
mRNA level of CLDN7 was significantly inhib-
ited by the knockdown of p53 and HNF4α 
(Figure 4e). Similarly, the TEN-induced 
response of CLDN2 mRNA was inhibited by 
their knockdown. These results indicate that 
p53 and HNF4α may regulate CLDN2 and 
CLDN7 expression negatively and positively, 
respectively.

Figure 2. Effects of culture periods on the cellular localization of CLDNs and transcriptional factors. (a) MCE301 cells cultured for 7 and 
21 days were immunostained with CLDN2, CLDN7, and ZO-1 in the presence of DAPI. The scale bar represents 20 μm. The colocalization 
of CLDNs and ZO-1 in the TJ was represented relative to the total fluorescence values. (b) The cells were immunostained with p53 and 
HNF4α in the presence of DAPI. The nuclear localization of p53 and HNF4α was represented relative to the fluorescence values in day 7. 
** P < .01 significantly different from day 7.
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Association of p53 and HNF4α

The association of p53 with HNF4α was increased 
by TEN in the immunoprecipitation assay (Figure 
5a). The complex of p53 and HNF4α was not 
detected by rabbit IgG (Figure 5b). The presumable 
binding sites of p53 and HNF4α were detected in 
the promoter region of mouse CLDN2 and CLDN7 
by a transcriptional factor binding prediction pro-
gram, TFBIND (http://tfbind.hgc.jp/). The binding 
of p53 and HNF4α on the promoter region of 
CLDN7 was increased by TEN in the ChIP-qPCR 
assay (Figure 5c). Similar results were observed 
using the promoter region of CLDN2. These results 
indicate that p53 and HNF4α may form dimer and 
bind to the promoter region of CLDN2 and 
CLDN7.

Effect of TEN on paracellular permeability

Paracellular permeability was estimated using 
MCE301 cells cultured on transwell inserts. 
TER was slightly but significantly decreased by 
TEN (Figure 6a). In contrast, LY, FD4, and 
FD20 fluxes were unchanged by TEN 

(Figure 6b). Ion selectivity of paracellular path-
way was estimated by the Ussing chamber 
assay. TEN increased dilution potential and 
the ratio of permeability to Cl− and permeabil-
ity to Na+ (Cl−/Na+) (Figure 6c,d). Similar 
results were observed in the CLDN2 knock-
down and CLDN7 overexpression cells (Figure 
6e,f). These results indicate that TEN may 
increase paracellular Cl− permeability mediated 
by the decrease in CLDN2 expression and 
increase in CLDN7 expression.

Effect of CLDN1 overexpression on paracellular 
permeability

To clarify the involvements of other CLDN 
subtypes, we investigated the effect of TEN on 
mRNA levels of CLDNs. The mRNA level of 
CLDN1 was increased by TEN, whereas that of 
CLDN8 was decreased (Figure 7a). In contrast, 
TEN had no effect on the mRNA levels of 
CLDN3, 4, 12, 15, 23. In Western blot analysis, 
the protein level of CLDN1 was increased by 
TEN, but that of CLDN8 was under detection 

Figure 3. Effect of TEN on the expression of CLDNs and transcriptional factors. (a) MCE301 cells cultured for 7 days were incubated in 
the absence (control) and presence of 10 μM TEN for 6 h. The cells were immunostained with p53 and HNF4α in the presence of DAPI. 
The scale bar represents 20 μm. The nuclear localization of these proteins was represented relative to the fluorescence values of 
control. (b) The cells were incubated with 10 μM TEN for 6 h. Nuclear extracts were immunoblotted with anti-p53, anti-HNF4α, or anti- 
nucleoporin p62 (p62) antibody. The contents of p53 and HNF4α normalized by p62 were represented relative to the values of control. 
(c) The cells were incubated with 10 μM TEN for 24 h. Cytoplasmic extracts including membrane and cytoplasmic proteins were 
immunoblotted with anti-CLDN2, anti-CLDN7, or anti-β-actin antibody. The contents of CLDN2 and CLDN7 normalized by β-actin were 
represented relative to the values of control. ** P < .01 significantly different from control.
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limit (Figure 7b). Therefore, we determined to 
examine the effect of CLDN1 overexpression on 

paracellular permeability. Dilution potential 
and the ratio of Cl−/Na+ were not significantly 

Figure 4. Effect of TEN on reporter activity and mRNA expression of CLDNs. (a) MCE301 cells were incubated in the absence (control) 
and presence of 10 μM TEN for 6 h. Real time PCR was performed using primer pairs for CLDN2, CLDN7, and β-actin. The contents of 
CLDNs were represented relative to the values of control. n = 4. (b) Promoter luciferase construct of CLDN2 or CLDN7 was co- 
transfected with pRL-TK vector into the cells. After 40 h of transfection, the cells were incubated in the absence and presence of 10 μM 
TEN for 6 h. After normalizing transfection efficiency with Renilla luciferase, the relative promoter activities of CLDNs was represented 
as the values of control. (c) The cells were transfected with mock or CLDN7 expression vector. After two days of transfection, total RNA 
was isolated. Real time PCR was performed using primer pairs of CLDN2, CLDN7, and β-actin. The mRNA contents of CLDNs were 
represented relative to the values of mock. (d) The cells were transfected with negative or CLDN2 siRNA. Real time PCR was performed 
using primer pairs of CLDN2, CLDN7, and β-actin. After two days of transfection, total RNA was isolated. the mRNA contents of CLDNs 
were represented relative to the values of negative siRNA (Neg). (e) The cells were transfected with negative (Neg), p53, or HNF4α 
siRNA. After two days of transfection, the cells were incubated in the absence and presence of TEN for 6 h. Real time PCR was 
performed using primer pairs of CLDN2, CLDN7, and β-actin. The mRNA contents of CLDNs were represented relative to the values of 
negative siRNA. n = 4.
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changed by CLDN1 overexpression. CLDN1 
may not contribute to the TEN-induced altera-
tion of paracellular permeability.

Localization of p53 and HNF4α in the colon crypt of 
mice

So far, we reported that CLDN7 protein is localized 
at the surface in the colon crypt of mice, whereas 
that of CLDN2 is located at the bottom.12,13 The 
mRNA levels of CLDN2 and CLDN7 showed simi-
lar expression pattern to the protein levels of these 

CLDNs (Figure 8a). Both p53 and HNF4α proteins 
were highly expressed at the surface of the crypts 
(Figure 8b). The expressions of both p53 and 
HNF4α are correlated with CLDN7 expression 
and CLDN2 expression positively and negatively, 
respectively.

Discussion

The major fraction of Na+ is absorbed via electro-
genic route of epithelial Na+ channels (ENaCs) in 
the distal colon and electroneutral routes of Na+/ 

Figure 5. Binding of p53 and HNF4α to CLDN2 and CLDN7 promoter by TEN. (a) MCE301 cells were incubated in the absence and 
presence of 10 μM TEN for 6 h. The cell lysates were immunoprecipitated with anti-p53 or anti-HNF4α antibody and then blotted with 
anti-HNF4α or anti-p53 antibody. The amount of association of p53 with HNF4α protein was represented relative to the values of 
control. (b) The cell lysates were immunoprecipitated with rabbit IgG and then blotted with anti-p53 or anti-HNF4α antibody. Input 
was shown in the right side. (c) Nuclear proteins were prepared from the cells incubated in the absence and presence of 10 μM TEN for 
6 h. After immunoprecipitation of genomic DNA by anti-p53 or anti-HNF4α antibody, real time PCR was performed using the primer 
pairs amplifying the putative p53 and HNF4α binding sites of CLDN2 and CLDN7 promoter. Input chromatin was used as a normalizer. 
** P < .01 and * P < .05 significantly different from control. n = 4.
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H+-exchanger (NHE) in the proximal colon. 
ENaCs consist of three homologous subunits, α, β, 
and γ are abundantly expressed at the surface of 
crypt in the rats with low-salt diets.20 The driving 
force of Na+-coupled transport systems is delivered 
by Na+/K+-ATPase in the basolateral membrane.21 

Absorption of Na+ is accompanied by the counter 
ion Cl−, which may be taken up mediated through 
cystic fibrosis transmembrane conductance regula-
tor (CFTR) Cl− channel and/or a paracellular route. 
The direction of Cl− transport is different in the 
segments of crypt. Cl− may be absorbed through 
CFTR Cl− channel and Cl−/HCO3

− exchanger in 
the upper crypt.3 On the other hand, the epithelial 
cells in the bottom crypt have a high Cl− secretory 
activity. The physical barrier via TJs interactions is 
necessary to maintain the efficient absorption or 
secretion electrolytes. The mRNA level of CLDN2 
reached at the peak on day 7 and gradually declines, 
whereas that of CLDN7 was elevated depending on 
the culture days in MCE301 cells (Figure 1). Similar 
expression pattern was observed at the protein 
levels of CLDN2 and CLDN7.12 Stem cells are 

differentiated to epithelial cells during moving up 
toward the luminal surface in the colon, leading to 
cell death at the top of crypt. Therefore, we 
hypothesized that p53, a critical regulator of life-
span, may be involved in the regulation of CLDN2 
and CLDN7 expression.

The nuclear level of p53 protein was increased 
depending on the culture days in MCE301 cells 
(Figure 2), which is positive correlation with 
CLDN7 and negative correlation with CLDN2. In 
addition, the nuclear level of HNF4α was also 
increased depending on the culture days. 
Immunofluorescence and Western blotting ana-
lyses showed that the nuclear levels of p53 and 
HNF4α proteins are up-regulated by TEN (Figure 
3). The expression levels of CLDN2 and CLDN7 
proteins were decreased and increased by TEN, 
respectively. In contrast, the mRNA levels of 
CLDN3 and 15, which are endogenously expressed 
in MCE301 cells, were not significantly changed by 
TEN (data not shown). The involvement of HNF4α 
in the regulation of CLDN7 has been reported 
using human colon carcinoma cell lines Caco-2 

Figure 6. Effects of TEN on paracellular permeability. (a-c) MCE301 cells were cultured on transwell inserts. Then the cells were 
incubated in the absence and presence of 10 μM TEN for 24 h. (a) TER was measured using a volt ohmmeter. (b) LY (50 μg/ml), FD4 
(50 μg/ml), or FD20 (50 μg/ml) were applied to the apical compartment. The buffer in the basal compartment was collected after 
30 min, and fluorescence intensity was measured. Papp was calculated as described in the method. (c and d) Transwell inserts were 
mounted on the Ussing chamber. Dilution potential was measured by exchanging the bathing solution to the solution containing half 
NaCl concentration. PCl/PNa was calculated by the Goldman-Hodgkin-Katz equation. (e and f) Dilution potential and PCl/PNa were 
measured using the cells transfected with mock (negative siRNA plus empty vector) or CLDN2 siRNA (si-CLDN2) plus CLDN7-expressing 
vector (CLDN7OE). n = 4. ** P < .01 significantly different from control or mock. NS P > .05 not significantly different from control.
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and HT29/B6.14 However, the mechanism how the 
expression of HNF4α is regulated still remains 
unknown. Our data suggest that p53 may be 
involved in the elevation of HNF4α expression in 
the nuclei.

The promoter activities of CLDN2 and 
CLDN7 were decreased and increased by TEN 
(Figure 4b), respectively, which coincide with 

the data of real time PCR (Figure 4a) and 
Western blotting (Figure 3c). Therefore, both 
CLDN2 and CLDN7 expression may be primarily 
regulated by TEN at the transcriptional step. 
Deficiency of CLDN15 did not cause an increase 
in the endogenous expression of other CLDN 
subtypes in the small intestine.22 On the other 
hand, the tight junctional expression of CLDN3 

Figure 7. Effect of CLDN1 overexpression on paracellular permeability. (a) MCE301 cells were incubated with 10 μM TEN for 6 h. Real 
time PCR was performed using primer pairs for indicated genes. The mRNA contents of CLDNs were represented relative to the values 
of control. (b) The cells were incubated with 10 μM TEN for 24 h. Cytoplasmic extracts were immunoblotted with anti-CLDN1, anti- 
CLDN8, or anti-β-actin antibody. The protein contents of CLDN1 were represented relative to the values of control. The protein 
expression of CLDN8 was under detection limit (ND). (c and d) The cells cultured on transwell inserts were transfected with mock or 
CLDN1-expressing vector. Then, the cells were mounted on the Ussing chamber. Dilution potential and PCl/PNa were measured. n = 4. 
** P < .01 significantly different from control. NS P > .05.
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and CLDN7 is increased in the renal tubular 
epithelial cells and urothelium of CLDN4 knock-
out mice.23 Therefore, the expression of CLDN2 
and CLDN7 is possible to be regulated by the 
compensation mechanism. However, CLDN7 
overexpression did not decrease the mRNA 
level of CLDN2, and CLDN2 knockdown did 
not increase the mRNA level of CLDN7 (Figure 
4c,d). The expression of CLDN2 and CLDN7 
may be regulated by common factors but with 
inverse directions.

Immunoprecipitation assay showed that the 
association of p53 with HNF4α is increased by 
TEN (Figure 5a). In addition, ChiP-qPCR assay 
revealed the binding of p53 and HNF4α to the 
promoter regions of CLDN2 and CLDN7 is exag-
gerated by TEN (Figure 5c). Both p53 and HNF4α 
are highly expressed in the surface of mouse crypt 
(Figure 8). There results suggest that the complex of 
p53 with HNF4α is involved in the transcriptional 
regulation of CLDN2 and CLDN7 genes. The 
inverse correlation between p53 and CLDN2 is 
also reported in the mouse colon tissues with dex-
tran sulfate sodium-induced colitis.24 p53 may be 
involved in the regulation of CLDN2 and CLDN7 
expression in the colon under both physiological 
and pathophysiological conditions.

We recently reported that colonic CLDN2 and 
CLDN7 expressions are up-regulated in mice fed 
with NaCl-depleted diets.12,13 CLDN2 is highly 
expressed in leaky epithelia such as renal proximal 
tubules and the small intestine, and increases para-
cellular Na+ and water permeability.25 CLDN2 may 
not be involved in the absorption of Na+ in the 
distal colon because of a luminal negative 
potential.26 CLDN7-deficient mice cause renal 
Na+, Cl−, and K+ wasting, resulting in chronic 
dehydration.27 The knockdown of CLDN7 by 
siRNA decreases the permeability of Cl− in LLC- 
PK1, derived from porcine renal tubule, whereas it 
increases the permeability to Na+ in Madin-Darby 
canine kidney type II cells.11 The association of 
CLDN4 with CLDN8 is required for the function 
of CLDN4 as an anion-selective pore in the collect-
ing duct.28 The partner of CLDN7 has not been 
clarified, but the phenomenon of ion permeability 
of CLDN7 may be altered by the interaction with 
endogenous CLDNs. In the MCE301 cells, the ratio 
of PCl/PNa was increased by the overexpression of 

Figure 8. Localization of CLDNs and transcriptional regulatory 
factors in the mice crypt. (a) The crypt of distal colon was divided 
into three sections; surface, middle, and bottom. After isolation 
of total RNA, real time PCR was performed using primer pairs of 
mouse CLDN2, CLDN7, and β-actin. The mRNA contents of CLDNs 
were represented relative to the values in the bottom. n = 4. (b) 
The segments of distal colon were immunostained with p53 and 
HNF4α in the presence of DAPI, a nuclear marker. The fluores-
cence intensities of p53 and HNF4α were represented relative to 
the values in the bottom. n = 3–4. ** P < .01 significantly 
different from bottom. NS P > .05.
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CLDN7, which was enhanced by the knockdown of 
CLDN2. We suggest that the inverse regulation of 
CLDN2 and CLDN7 expression may induce switch 
from cation permeable mode in the bottom of crypt 
to anion permeable mode in the surface. Over ten 
CLDN types are endogenously expressed in the 
colon.7 At present, we cannot deny the possibility 
that other CLDNs is involved in the regulation of 
paracellular ion permeability in the crypt. The 
putative regulatory model of CLDN2 and CLDN7 
expression in the colon is shown in Figure 9.

Conclusion

The expression of CLDN2 and CLDN7 in 
MCE301 cells was altered depending on the cul-
ture days. TEN induced the increase in CLDN7 
expression and decrease in CLDN2 expression, 
which were inhibited by siRNAs for p53 and 

HNF4α. The complex of p53 and HNF4α was 
increased by TEN and they bound to the pro-
moter region of CLDN2 and CLDN7. PCl/PNa 
was increased by TEN, knockdown of CLDN2, 
or overexpression of CLDN7. We suggest that 
p53 and HNF4α contribute to the determination 
of paracellular permeability mediated through 
the alteration of CLDN2 and CLDN7 expression 
in the colon.
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